Since its discovery in 1989 (8) , it has been demonstrated that the hepatitis C virus (HCV) is a major cause of chronic hepatitis throughout the world. The routine virological diagnosis of this infection is based on the detection of HCV-specific antibodies (Ab). However, due to the absence of an efficient in vitro culture system for HCV or assays capable of detecting viral antigens, the direct detection of HCV has depended on methods of nucleic acid amplification or hybridization of HCV RNA. Indeed, Ab tests cannot distinguish between persons with anti-HCV Ab who have recovered and patients exhibiting an active infection, and they are not sufficient for the monitoring of therapy (17, 29, 30) . The Amplicor HCV test (Roche Diagnostics Corporation, Branchburg, N.J.) and branchedchain DNA signal amplification assay (bDNA) (Bayer Corporation, Tarrytown, N.J.) have been used to detect HCV RNA in HCV Ab-positive individuals and to monitor the efficacy of therapy (6, 11, 13, 19, 21) . Recently both assay systems have become semiautomated. However, several problems still persist when these methods are used for the screening of patients: the bDNA assay requires a long incubation period, while reverse transcription (RT)-PCR requires considerable skills and has limited reproducibility. In addition, both assays are costly. More recently, methods capable of detecting the core antigen (Ag) of HCV have been developed (2, 26) . Preliminary reports suggest that these assays may be useful in monitoring interferon therapy (2, 5, 26) .
A prototype enzyme immunoassay designed to detect and quantify total HCV core Ag protein in serum or plasma in the presence of anti-HCV Ab has been recently developed by Ortho-Clinical Diagnostics (Raritan, N.J.). The assay involves a 56°C sample pretreatment step using a denaturing solution to dissociate immune complexes and lyse viral particles. Free core Ag is captured on a 96-microwell plate coated with two murine monoclonal Ab (MAb) directed against different and conserved regions of the core protein. Detection of bound core protein is achieved by binding to two different murine MAb conjugated to horse-radish peroxidase. HCV core Ag concentrations are calculated against a standard curve.
Here, we present the results of a comparative study between the Total HCV core Ag assay and two quantitative assays for HCV RNA, bDNA v2.0 and v3.0 and the COBAS Amplicor HCV Monitor version 2.0 (HCM v2.0) test, in terms of specificity, sensitivity, and reproducibility in various clinical settings and in the follow-up of treated patients.
MATERIALS AND METHODS
World Health Organization HCV RNA 96/790 international standard. The HCV RNA 96/790 standard prepared by the World Health Organization (WHO) was used to evaluate the sensitivity of the HCV core Ag assay. The undiluted standard should contain 50,000 IU/ml.
Fontevraud panel. This quality control panel was prepared in our laboratory as previously described (20) and was used in the present study to evaluate the linearity and reproducibility of the Ag assay. Samples from patients chronically infected with different genotypes of HCV (Table 1) and exhibiting a range of viral load (range, 1,111,812 IU/ml to 12,199 IU/ml using bDNA v3.0 assay) were collected by plasmapheresis after obtaining written consent. Serial dilution of these samples was used to determine the linear behavior of the assay, while intraand interassay reproducibility was assessed by testing the same samples in replicates of three.
Negative controls. We tested a total of 2,030 anti-HCV Ab and HCV RNAnegative blood donors from the Etablissement Français du Sang from Lille (France) (n ϭ 1,008) and Strasbourg (France) (n ϭ 1,022).
Anti-HCV-positive untreated patients. One hundred forty anti-HCV Ab-positive patients were studied. Among these patients, 23 had serum alanine aminotransferase (ALT) levels above the upper normal limit. All the patients were HCV RNA-positive and had chronic hepatitis confirmed by liver biopsy.
Samples used for concentration studies. In order to determine if a simple sample concentration procedure was capable of increasing the sensitivity of the HCV core Ag test, a total of six individual samples with different levels of core Ag (two HCV Ab negative and HCV RNA positive four HCV Ab and HCV RNA positive) were subjected to high-speed centrifugation. A total of six anti-HCV Ab-negative samples from healthy blood donors were used as negative controls and processed in a similar way.
Patients treated with IFN or with IFN/Rib combination therapy. Prospectively collected samples from patients with chronic HCV infection enrolled in a therapeutic protocol, involving treatment with interferon (IFN) and ribavirin (Rib) combination therapy (IFN/Rib) were studied. Briefly, 144 patients received 3 million or 6 million IU of IFN three times a week for 3 months. The treatment was then adapted to the primary response after 2 months of IFN. Patients who still had detectable HCV RNA by the Amplicor HCV v1.2 assay (Roche Diagnostics) received Rib (1,000 to 1,200 mg per day) for an additional 9 months. The patients who had undetectable HCV RNA continued to receive IFN alone until month 12 (M12). HCV RNA and HCV Ag levels were measured before, during (M1, M2, M3, M4, and M6), and at the end (M12) of treatment and at M13 and M18 posttherapy.
Patients in whom both ALT levels remained normal and HCV RNA levels were undetectable 6 months after the end of therapy were defined as sustained responders (SR). Patients with undetectable HCV RNA at the end of therapy but detectable HCV RNA 6 months after the end of treatment were considered relapsers (R).
Nonresponders (NR) were defined as those patients who did achieve undetectable HCV RNA result during treatment.
Interestingly, R to IFN alone who were retreated with combination therapy during at least 6 months exhibited a sustained response and thus were included in the SR group in the HCV core Ag and HCV RNA kinetic study. Quantification of total HCV core Ag. A simple enzyme immunoassay for detection and quantification of total HCV core Ag has been recently developed (Ortho-Clinical Diagnostics). We used this test according to the manufacturer's recommendations. Briefly, 100 l of one serum aliquot from each patient was pretreated with an immune complex dissociating buffer during 30 min at 56°C. Subsequently, samples and diluted standards were incubated during 1 h with shaking in a microwell coated with anti-core MAb at 25°C. After washing, an anti-core-specific conjugate was added and incubated for 30 min at 25°C. After a second wash, the Ab-core Ag conjugate was detected by the addition of o-phenylenediamine and hydrogen peroxide. Sample optical density was measured at 492 nm, and core Ag concentrations were calculated against a curve obtained from standards. Results were expressed in picograms per milliliter, with a limit of detection established by the manufacturer at 1.5 pg/ml. Neutralization assay. Positive samples for total HCV core Ag obtained in the specificity study were subjected to a neutralization procedure. Briefly, pretreated samples were incubated in quadruplicate for 1 h at 25°C with shaking. Before the addition of the conjugate, two wells were treated with 20 l of neutralizing Ab reagent and the remaining two were treated with a similar volume of control Ab reagent. Following the addition of the conjugate, the assay was completed using the standard procedure. A sample was considered truly positive when a drop in concentration of Ն50% was observed in the neutralized versus the control treated sample.
Sample concentration. Briefly, 800 l of serum was centrifuged at 32,000 ϫ g for 1 h at 4°C. After centrifugation, 700 l of serum was carefully removed. The remaining 100 l was used to perform a series of twofold dilutions (typically from 1:4 to 1:128) using HCV-negative serum. Similar dilutions were performed with the unprocessed sample. Both dilution series of concentrated and undiluted samples were processed according to the manufacturer's recommendations. The increase in concentration observed between the undiluted and concentrated sample for each dilution was expressed as percentage per 100 l (concentration efficiency/100 l). In order to identify a decrease in specificity due to this procedure, negative controls were processed in a similar fashion but no dilutions were performed.
Qualitative detection of HCV RNA. HCV RNA was investigated using an in-house nested RT-PCR as previously described (9) . This assay has a sensitivity ranging between 50 and 100 copies of HCV RNA per ml. The AMPLICOR HCV test, v1.2, and Cobas Amplicor HCV v2.0 assays were also used (29, 30) . The HCM v2.0 assay has a lower limit of detection of 100 copies of HCV RNA per ml or 40 IU/ml.
Quantitative detection of HCV RNA. Detection was performed using two commercial assays. (i) The HCM v2.0 assay (Roche Diagnostic Systems, Basel, Switzerland) is a quantitative assay with a lower detection limit of 600 IU per ml. a Results obtained from different rounds. OD, optical density. HCV RNA levels were obtained from undiluted samples. HCV RNA levels in parentheses are expected values for each dilution. Mean of OD for negative control, 0.025 Ϯ 0.010; mean of OD for standard, 1.5 pg/ml: 0.055 Ϯ 0.011.
We also used an ultrasensitive procedure on the HCM v2.0 assay, which allows detection of HCV RNA levels of 50 IU/ml. This method allowed 10-fold concentration of HCV RNA using a double volume of sera and fivefold less of sample diluent. (ii) The bDNA signal amplification assay (QUANTIPLEX HCV RNA 2.0 assay [Chiron Diagnostics, Emeryville, Calif.] and VERSANT HCV RNA 3.0 assay [Bayer Diagnostics, Emeryville, Calif.]), which is based on hybridization with specific probes located in the 5Ј untranslated region. The lower detection limit of the bDNA v2.0 assay is 31,746 IU/ml, and the limit is 480 IU/ml for the bDNA v3.0 assay. The volume of serum required is 50 l (28).
Genotyping. The samples were genotyped using the second generation of Line Probe Assay (Innogenetics, Zwijnaarde, Belgium) (25) . Genotypes 1a and 1b were grouped into genotype 1 due to the limited subtype discriminatory capacity of this assay (7).
Statistical analysis. Statistical analysis for the measurement of agreement between the two RNA quantitative assays was performed as described by Bland and Altman (3) , and the correlation between HCV core Ag and the two RNA quantitative assays was evaluated by linear regression. Univariate analysis was performed using a 2 test and Student's t test. Results are presented as mean Ϯ standard deviation log 10 . All statistical significance was assessed at the P Յ 0.05 level. (For results under the cutoff value, we used the log 10 of half the cutoff value).
RESULTS
The analysis of the WHO standard is summarized in Table  1 . Positive results were obtained for HCV core Ag, in triplicate, up to the 1/4 dilution. The undiluted sample was quantified as having 5.30 pg of core Ag/ml and 38,827 IU/ml using the HCM v2.0 assay. The 1/4 dilution gave a core Ag concentration of 1.48 pg/ml, corresponding to 9,707 IU of HCV RNA/ml with the HCM v2.0 assay.
The reproducibility of the HCV core Ag assay was calculated using six samples of the Fontevraud panel tested in replicates of 10 in the same run and with the same six samples tested individually in three different runs. Intra-and interassay reproducibility results are shown in Tables 2 and 3 , respectively. The intra-assay mean coefficient of variation (CV) was 5.11% for all six samples and varied from 1.40 to 5.51%, except for one plasmapheresis (CV ϭ 11.65%; Table 2 ). The interassay CVs varied between 2.34 and 19.09% (mean ϭ 9.95%; Table 3 ).
Linearity was evaluated with the same samples used in the reproducibility study in three different runs and with the WHO HCV RNA 96/790 international standard. As shown in Table  1 , the HCV core Ag assay exhibited linear behavior across a wide range of viremia levels. The coefficient of correlation was 0.99, and quantification of HCV core Ag was reliable up to the limit of detection of the test (1.5 pg/ml).
Among 2,030 anti-HCV Ab-negative samples tested from blood donors, 10 samples were repeatedly found positive with the HCV core Ag assay. When analyzed, these samples were found to be HCV RNA negative. Neutralization analysis (performed by Ortho-Clinical Diagnostics) showed that all 10 samples were in fact false positive. Thus, we observed a specificity of 99.5%.
The mean concentration efficiencies obtained in two independent experiments are summarized in Table 4 . No significant increase in background was observed when six HCV Abnegative samples were analyzed using the same procedure (data not shown).
The comparison of the HCV core Ag assay with HCV RNA quantification tests with untreated and treated patients with chronic hepatitis C is shown in Tables 5 and 6 . The levels of HCV core Ag and viremia were not significantly different between the three tests but were significantly different between the patients with normal ALT or elevated ALT (P Ͻ 0.01 for HCV core Ag assay; P Ͻ 0.02 for the two HCV RNA quantification assays). All the patients with normal ALT level (n ϭ 23) tested HCV RNA positive using RT-PCR and Amplicor HCV v1.2. Among these 23 samples, 22 were detected by HCM v2.0 and bDNA v3.0 assays. The HCV core Ag assay failed to detect for four samples. The patient with a normal ALT level, whose infection was not detected with HCV core Ag assay, HCM v2.0, and bDNA v3.0 assays, was infected with a genotype 1 HCV isolate. The other three patients had low viral loads (patient 1, genotype 1, viral load of 1,368 IU/ml by bDNA v3.0 and 3,720 IU/ml by HCM v2.0; patient 2, genotype 1, viral load of 13,200 IU/ml by bDNA v3.0; patient 3, genotype 1, viral load of 33,692 IU/ml using bDNA v3.0).
All the patients with elevated ALT (n ϭ 117) were HCV RNA positive. The HCM v2.0 assay and the bDNA v3.0 assay were able to detect infection in all the samples. The HCV core Ag assay failed to detect infection in two samples (patient 1: genotype 1, viral load ϭ 35,692 IU/ml using bDNA v3.0; patient 2: genotype 3, viral load ϭ 58,413 IU/ml using bDNA v3.0).
We did not find any correlation between HCV core Ag and ALT levels (r 2 ϭ 0.07), HCV core Ag and Knodell score (P ϭ 0.786 [not significant]), or HCV core Ag and Metavir grade (activity, P ϭ 0.129 [not significant]; fibrosis, P ϭ 0.429 [not significant]).
HCV core Ag correlation with HCV RNA quantification assays. We found a correlation coefficient of 0.80 and a slope of 0.998 with the bDNA v3.0 assay and a correlation coefficient of 0.70 and a slope of 0.923 with the HCM v2.0 assay. The measurement of agreement between the two HCV RNA quantitative assays was not good, with a mean of the difference of Ϫ0.36, after logarithmic transformation, and the limits of agreement (mean Ϯ 2 times the standard deviation) were Ϫ1.36 and 0.65, respectively. The HCV core Ag assay exhibited similar efficiency for quantifying the five different HCV genotypes studied. We did not observed significant differences in the level of HCV core Ag and HCV RNA in patients infected with these HCV 
]).
Decrease in HCV core Ag during treatment follow-up. Before IFN treatment, all samples were found to be positive for HCV RNA using RT-PCR and the AMPLICOR HCV test v1.2. HCV core Ag was detectable in 138 of 144 patients (95.8%). HCV RNA was detectable, using the HCM v2.0 and bDNA v3.0 assays, in 143 of 144 patients (99.3%).
The HCV core Ag and HCV RNA kinetic profiles observed during treatment are summarized in Fig. 2A and B. We identified five different categories of patients based on treatment response: SR and R to IFN therapy and SR, R, and NR to IFN/Rib combination therapy.
Dynamics of Total HCV core Ag concentration. (i) IFN monotherapy and combination therapy in different categories of treatment response. (a) Baseline. the proportion of patients with undetectable HCV core Ag before IFN therapy was higher in SR or R than in NR (11.1% versus 4.3 and 0%, respectively). The pretreatment HCV core Ag and HCV RNA levels were significantly lower in SR to IFN alone than in the other groups of patients (mean HCV core Ag ϭ 5.31 Ϯ 0.88 log 10 (pg/ml ϫ 10,000) versus 5.99 Ϯ 0.75 log 10 (pg/ml ϫ 10 000) [P Ͻ 0.001], and mean HCV viral load ϭ 5.35 Ϯ 1.01 log IU/ml versus 5.75 Ϯ 0.70 log IU/ml [P Ͻ 0.001]). No significant differences were observed in these two parameters between SR, R, and NR to combination therapy.
(b) One-month time point. All SR and R to IFN monotherapy had undetectable HCV core Ag and a mean decrease a Results are expressed as mean Ϯ standard deviation in log (10 4 pg/ml) for HCV core antigen and in log (IU/ml) for HCV RNA levels. n, no. of samples. N, normal. a Results are expressed as mean Ϯ standard deviation in log (10 4 pg/ml) for HCV core antigen and in log (IU/ml) for HCV RNA levels. n, no. of samples. N, normal.
VOL. 41, 2003 COMPARISON OF HCV CORE Ag, bDNA, AND MONITOR ASSAYSin its concentration of 1.43 log and 2.18 log, respectively. SR and R to IFN/Rib also had a significant decrease in HCV core Ag concentration, but this was less impressive in the case of the R (1.69 and 1.42 log 10 , respectively). Patients who did not respond to combination therapy had a mean decrease of 0.57 log in HCV core Ag concentration.
(c) Three-month time point. A significant decrease in HCV core Ag was observed only in SR with IFN/Rib treatment (1.92 log 10 ) but not in the two others categories of patients treated with combination therapy (1.55 and 0.55 log 10 for R and NR, respectively).
(d) Six-month time point (3 months of IFN/Rib treatment). All SR and R to IFN/Rib treatment had undetectable HCV core Ag with a mean decrease of 2.04 and 1.91 log, respectively. NR also showed a substantial drop in HCV core Ag concentrations, but they increased at the end of treatment (1.42 and 0.54 log at M6 and M12, respectively).
(ii) IFN monotherapy and combination therapy in different categories of treatment response. For monotherapy patients, SR and R to IFN showed a drastic drop in the mean HCV RNA load of 3.59 log and 3.45 log, respectively. For patients who did not respond to IFN alone initially and were subsequently placed on combination therapy after 3 months, there was a lesser decrease in the mean HCV RNA load after the first month of IFN monotherapy (1.81 log, 1.35 log, and 0.32 log, respectively, for SR, R, and NR to combination therapy). All patients treated with IFN alone had undetectable HCV RNA levels after 2 months of therapy, with a mean decrease of 3.86 log in SR and 4.49 log in R. SR to combination therapy had a mean decrease in HCV RNA of 3.05 log and 4.48 log at M3 and M6, respectively (all the patients who were tested with the HCM v2.0 test had viral loads under the assay's cutoff at M6). The combination therapy R group had a less impressive decrease in viral load after 3 months of IFN monotherapy (1.89 log) and after 3 months of combination therapy (4.02 log), but all of them had undetectable HCV RNA at the end of treatment. NR to combination therapy were characterized by an increase in mean HCV RNA load after 3 months of IFN therapy alone (ϩ 0.22 log). A decrease in HCV RNA until M6 (0.62 log) was observed under combination therapy, but the decrease in viral load did not achieved statistical significance at the end of treatment (0.23 log). Predictive value comparison between HCV core Ag, HCV RNA levels, and qualitative HCV RNA detection. Table 7 summarizes the predictive values obtained using the criteria of a Ն2 log decrease in the HCV RNA concentration, absence of detectable HCV core Ag levels, or undetectable HCV RNA at different time points after initiation of treatment.
After 1 and 3 months of IFN therapy, HCV core Ag was overall a better predictor of SR (positive predictive value) than y axis, mean of HCV core antigen and HCV RNA, in log (10 4 pg/ml) and log (IU/ml), respectively. ⅐ ⅐ ⅐ ⅐ ⅐ ⅐ ⅐ ⅐ ⅐ ⅐, limit of detection. SR1, SR to IFN alone (n ϭ 45); R1, relapsers to IFN alone (n ϭ 23); SR2, sustained responders to IFN/Rib (n ϭ 34); R2, relapsers to IFN/Rib (n ϭ 10); NR, nonresponders to IFN/Rib (n ϭ 32).
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COMPARISON OF HCV CORE Ag, bDNA, AND MONITOR ASSAYSqualitative or quantitative HCV RNA testing (M1: 83, 50, and 79%, respectively; M3: 96, 82, and 93%, respectively). After 3 months of combination therapy (M6), no differences in predictive value were observed after applying a Ն2 log decrease in the HCV RNA concentration or the disappearance of detectable HCV core Ag or HCV RNA criteria.
DISCUSSION
Since new molecular technologies to quantify HCV RNA became widely available, numerous studies have tried to establish a relationship between level of viremia and severity and progression of liver disease. In addition, investigators have tried to understand the likelihood of response to IFN/Rib therapy based on viremia levels. Some studies have found a correlation between disease severity (cirrhosis) and the level of viremia, while others have not (9, 12, 15) . Several studies (6, 11, 13, 18, 21) have focused on the predictive value of the pretreatment HCV RNA level or infecting genotype in the response to IFN. Only 41% of the patients treated with IFNRib during 48 weeks show a long-term response (24) . Patients with low HCV RNA level or infected by genotype 2 or 3 independently exhibit a sustained response more frequently than patients infected with genotype 1 or with a high level of HCV RNA. Toyoda et al. (27) first showed that patients with an HCV RNA level over 10 6 eq/ml as measured with bDNA v2.0 had only a 4% chance of responding to IFN. Several studies have evaluated different methods for the quantification of HCV RNA (10) , such as quantitative RT-PCR (11, 17, 22) and branched-DNA (1, 12, 18) , Amplicor Monitor (23), or NASBA (14, 16, 19, 20) . In a recent study, Tanaka et al. showed that the new HCV core Ag assay was efficient for monitoring patients treated with IFN (26) .
In this report, we have compared the performance of a new HCV core Ag assay with that of two commercially available quantitative assays for the assessment of HCV RNA levels. We used a panel containing dilutions of plasma samples (20) , samples from anti-HCV positive patients, and samples from chronically HCV-infected patients undergoing different IFN treatment schedules. We found that the HCV core Ag assay exhibited linear behavior across a wide range of dilutions and genotypes. The mean intra-and interassay CVs obtained were 5.11 and 9.95%, respectively. The limit of detection of the HCV core Ag assay in International Units per milliliter of HCV RNA based on the WHO standard was established around 10,000. According to the linearity obtained, an increase in the WHO HCV RNA standard of 8,500 IU/ml corresponded to an increase of 1 pg/ml in core Ag. This is in agreement with the equivalency observed between numbers of picograms of core Ag and International Units of HCV RNA reported by Bouvier-Alias et al. (5) . However, the same investigators observed that the RNA/core Ag ratio varies among some patients. The clinical significance of these fluctuations is currently not understood and is the subject of investigation. HCV core Ag detection could be enhanced by sample concentration in both anti-HCV-positive and -negative samples (Table 4) . Interestingly, the efficiency of this procedure was sample dependent and greater for samples containing anti-HCV Ab. Comparing the reproducibility of the three assays, we found that our results were closely related to those expected with the Fontevraud panel (20) . The reproducibility was very high regardless of genotype and viral load. Specificity assessed with HCV RNA-undetectable seropositive patients and with blood donors was also very high (99.5%).
In anti-HCV-positive untreated patients, we found that the HCV core Ag assay was capable of detecting most HCV RNApositive samples (96.1%). When comparing patients with normal or elevated ALT, we found a significant difference in the levels of HCV core Ag as well as HCV RNA load. Conversely, there was no correlation between HCV core Ag and ALT levels and between patients with normal, mild, or severe liver lesions determined by liver biopsy. This observation reinforces the notion that HCV RNA levels in serum do not reflect the severity of the disease, and apparently serum HCV core Ag levels also do not.
When we compared the abilities of these tests to detect five different HCV genotypes, we found that the sensitivities of the three assays were comparable for all genotypes investigated. The HCV core Ag assay and the viral RNA assays correlated across all genotypes analyzed.
For treated patients, HCV core Ag decrease followed the same trend as, but became undetectable more frequently than, HCV RNA (HCV core Ag, 52.2%; bDNA v3.0, 72.8%; and HCM v2.0, 95.2%).
In the patients treated with IFN/Rib, we found an association between the pretreatment HCV core Ag and HCV RNA levels and the response to treatment. The association was stronger with viremia levels determined with the HCV core Ag and bDNA v3.0 assay (P Ͻ 0.001) than with the Amplicor Monitor v2.0 assay (P Ͻ 0.01). However, no differences between the HCV core Ag and HCV RNA levels were observed between sustained virological responders, R, and NR to IFN/Rib.
In conclusion, the performance characteristics exhibited by the HCV core Ag assay in this study support its use for the current indications requiring HCV viremia detection and quantification. An initially apparent drawback of this assay is its lower limit of detection (approximately 10,000 IU of HCV RNA/ml). Analysis of viral load distribution in chronic HCV infection indicates that most patients exhibit viral loads well above 10,000 IU/ml (4). This observation and our own results suggest that the Total core Ag assay meets the clinical sensitivity needs necessary to identify most (Ͼ95%) HCV viremic patients. In addition, the Total HCV core Ag test results could be obtained in routine laboratories without the need of special equipment or training in less than 3.5 h. Our results also showed that the HCV core assay has a high predictive value for treatment response at 1 and 3 months post-initiation of treatment for patients treated with IFN. Further prospective studies on large series of patients are needed in order to evaluate the predictive value of the HCV core Ag assay on new treatment strategies, such as use of pegylated IFN and Rib.
